The DNA-binding proteins which recognize the regulatory sequence elements of the hepatitis B virus (HBV) major surface antigen promoter were examined by gel retardation analysis, using nuclear extracts from the human hepatoma cell line Huh7. Using this assay, we identified four regions (B, D, E, and F) of the promoter that interact with the same or similar transcription factor(s). In addition, the recognition sequence for the Spl transcription factor bound the same or similar transcription factor(s) present in Huh7 cell nuclear extracts, and this binding was inhibited by the four major surface antigen promoter elements, B, D, E, and F. Purified Spl transcription factor was shown to bind to three (B, D, and F) of the major surface antigen promoter regulatory sequence elements by DNase I footprinting. Using transient transfection assays with Drosophila Schneider line 2 cells, we found that transcription from the major surface antigen promoter was transactivated by exogenously expressed Spl, whereas transcription from the other three HBV promoters was not. Deletion analysis of the major surface antigen promoter demonstrated that the promoter region between -35 and +157 was sufficient to confer Spl responsiveness. This promoter region includes one of the regulatory elements footprinted by the purified Spl transcription factor. The function of the B, D, E, and F promoter elements was further examined by using these binding sites cloned into a minimal promoter element. Each of these regulatory regions transactivated transcription from the minimal promoter element in response to exogenously expressed Spl. This finding demonstrates that the HBV major surface antigen promoter contains four functional Spl binding sites which probably contribute to the level of expression from this promoter during viral infection.
During hepatitis B virus (HBV) infection, the 3.2-kbp partially double-stranded circular viral DNA genome is converted to a covalently closed relaxed circular doublestranded conformation which is the presumed template for transcription (64) . The HBV genome is transcribed by the host's cellular transcriptional machinery to produce transcripts of 3.5, 2.4, 2.1, and 0.7 kb (26) . These transcripts are translated into the nucleocapsid and polymerase polypeptides, the large surface antigen polypeptide, the middle and major surface antigen polypeptides, and the X-gene polypeptide (11, 12, 26, 29, 31, 53, 68) . The surface antigen and nucleocapsid polypeptides represent the major HBV structural proteins. The polymerase polypeptide is incorporated into the immature core particle, where it converts the 3.5-kb pregenomic RNA into the partially double stranded circular viral genomic DNA (4, 27, 36) . The X-gene product appears to encode a polypeptide capable of transactivating transcription from a variety of viral and cellular promoters (15, 46, 49, 52, 57-60, 65, 71) .
The regulatory sequence elements which control the synthesis of the HBV transcripts have been characterized in a variety of cell lines (14, 17, 28, 32, 33, 35, 38, 39, 42-44, 47, 50, 51, 55, 62, 66, 67) . Two transcriptional enhancer elements that appear to influence the level of transcription from the four viral promoters have been identified (1, 10, 13, 22, 23, 30, 34, 48, 54, 61, 63, 69, 70, 72) . The transcription factors which bind to the enhancer and promoter sequences and regulate the level of RNA synthesis from the viral promoters have not been extensively characterized. The importance of hepatocyte nuclear factor 1 (HNF1) in the regulation of expression from the large surface antigen promoter has been reported, and the CCAAT/enhancerbinding protein appears to modulate HBV transcriptional activity from both enhancer 1 sequence elements and the nucleocapsid promoter (20, 33, 34, 37, 39, 56) . The observation that both HNF1 and the CCAAT/enhancer-binding protein are liver-enriched transcription factors (5) (6) (7) 25) may account, in part, for the highly tissue-specific expression of HBV during infection and in transgenic mice (2, 24, 41) .
Previously, it had been shown by functional analysis that the level of transcription from the major surface antigen promoter is controlled by the complex interplay between a minimum of six transcription factors which activate and one transcription factor which represses transcription from this promoter (44) . However, the identities of the transcription factors which mediate this regulation were not examined. In this study, the transcription factors which bind to the regulatory sequence elements of the major surface antigen promoter were characterized to examine their roles in the regulation of transcription from this promoter. This analysis demonstrated that there are four functional binding sites for the Spl transcription factor located in the previously identified regulatory regions B, D, E, and F of the major surface antigen promoter (44) .
MATERIALS AND METHODS
Plasmid constructions. The plasmid constructs used in the transfection experiments were cloned by standard techniques (45) . The HBV sequences in these constructions were derived from plasmid pCP10, which contains two copies of the HBV genome (subtype ayw) cloned into the EcoRI site of pBR322 (21) . Plasmid SpLUC has been described previously (42) . The unique HBV XhoI site used in this construct is REGULATION OF HBV SURFACE ANTIGEN GENE EXPRESSION 6913 located 157 nucleotides 3' to a predominant surface antigen gene transcription initiation site (11, 43) . Therefore, plasmid SpLUC contains one complete HBV genome located directly 5' to the promoterless firefly luciferase reporter gene such that expression of this gene is governed by the HBV major surface antigen promoter. Similarly, plasmids XpLUC, CpLUC, and PS(l)pLUC, containing one complete HBV genome, were constructed such that expression of the luciferase gene is governed by the hepatitis B X-gene, nucleocapsid, and large surface antigen promoters, respectively. Details of the construction of these plasmids and of the various 5' deletions and linker scanning mutations in the major surface antigen promoter have been described previously (42, 44) . Plasmid A5'-188 contains the major surface antigen promoter region from -188 (coordinate 2971) to +157 (coordinate 133). A predominant transcription initiation site previously observed in transient transfection assays (43) has been designated +1 (coordinate 3159). The coordinates of the major surface antigen promoter region are derived from the GenBank genetic sequence data bank.
Plasmid TATALUC was constructed by cloning a doublestranded oligonucleotide containing the large surface antigen promoter TATA-box sequence (coordinates 2773 to 2791), produced by annealing the oligonucleotides CTATATIATA TAAGAGAGAAGCT and TCTCTCITrATATAATATAG GTAC, into the SacI and KpnI sites of plasmid p19DLUC (42) . Similarly, oligonucleotides A to G and Spl ( Fig. 1 Gel retardation analysis was performed as described previously (39) . Samples (1 ng) of 32P-labelled double-stranded oligonucleotides representing regulatory regions (A to G) of the major surface antigen promoter or an Spl recognition site (see above for plasmid constructions) were incubated with 9 ,ug of nuclear extract prior to 4% polyacrylamide gel electrophoresis and autoradiography (3). When gel retardation competition analysis was performed, the nuclear extract was preincubated with 1 ,ug of cold double-stranded competitor oligonucleotide for 15 min prior to the addition of the 32P-labelled double-stranded oligonucleotides. The DNase I footprinting reactions were performed as reported previously (9, 43) , using 1 to 5 ng of end-labelled DNA fragment in a 50-pl reaction mixture containing 25 mM Tris hydrochloride (pH 7.9), 6.25 mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 50 mM KCI, 10% glycerol, and the purified Spl transcription factor (Promega) to be assayed. Binding was carried out for 15 min at 0°C and then for 2 min at room temperature, after which 50 p,l of 5 mM CaCl2-10 mM MgCl2 containing DNase I was added at room temperature. The reaction mixture was incubated at room temperature for 2 min, and the reaction was stopped by the addition of 100 p,l of 1% (wt/vol) SDS-20 mM EDTA-200 mM NaCl containing 250 ,ug of tRNA per ml. The mixture was then precipitated with ethanol and analyzed by 6% urea-acrylamide sequencing gel electrophoresis and autoradiography.
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RESULTS
Characterization of the DNA-binding proteins which interact with the HBV major surface antigen gene promoter by gel retardation analysis. It has been shown previously that the HBV major surface antigen gene promoter comprises a minimum of seven functional regions (A to G) which are involved in regulation of the level of expression of the 2.1-kb surface antigen mRNA (44) . In an attempt to characterize further the mechanism of transcriptional regulation of this promoter, the DNA-binding proteins present in Huh7 cell nuclear extracts were examined for the ability to interact with the functional regions of the major surface antigen promoter. Initially, double-stranded oligonucleotides representing the functional promoter regions A to G (Fig. 1) were examined for the ability to bind factors present in Huh7 cell nuclear extracts. This analysis demonstrated that each of the seven double-stranded oligonucleotides bound specifically to a factor(s) in the nuclear extract, since the corresponding cold double-stranded oligonucleotide inhibited the formation of the gel retardation complexes (Fig. 2) . In addition, their migration properties indicated that the gel retardation complexes observed with oligonucleotides B, D, E, and F might be the same or similar (40) .
To investigate the possibility that the same or similar factors bind to the major surface antigen regulatory region double-stranded oligonucleotides, the ability of each of the double-stranded oligonucleotides (A to G) to inhibit the formation of each of the observed complexes was examined (Fig. 2) . When 32P-labelled double-stranded oligonucleotide C was examined, the retardation complex which formed was inhibited only when double-stranded oligonucleotide C was used as a competitor. This result is consistent with a distinct DNA-binding protein(s) binding to region C and to no other examined region of the major surface antigen promoter. stranded oligonucleotide A was examined, the retardation complex(es) which formed was inhibited when doublestranded oligonucleotides A, B, and C were used as competitors. This result was not anticipated, as the retardation complex(es) formed with the use of oligonucleotide A was different in mobility from those observed with oligonucleotides B and C (40) . These inhibition results were also not reciprocal (Fig. 2) , indicating that although regions B and C might compete for the factor(s) binding to oligonucleotide A when they are present in large molar excess, they preferentially bind different factors when examined in limiting amounts in the Huh7 nuclear extract. The significance of this observation with regard to control of the level of expression from the major surface antigen promoter is currently unclear. However, previous characterization of the factor(s) binding to region A has demonstrated that this regulatory element binds nuclear factor 1 (47) .
When the 32P-labelled double-stranded oligonucleotides B, D, E, and F were examined, the formation of retardation complexes was inhibited (Fig. 2) . This effect was clearly apparent for the slower-migrating complex. However, this result was less obvious for the faster-migrating complex in the case of 32P-labelled double-stranded oligonucleotides D and E. Since the inhibition results were reciprocal, it appears that these four regions of the major surface antigen promoter bind the same or similar factor(s).
The observation that oligonucleotides E and F can bind the same factor(s) would not be surprising if the recognition sequence were located in the region of overlap between these two oligonucleotides (Fig. 1) . To examine this possibility, an additional 32P-labelled double-stranded oligonucleotide, F3' (Fig. 1) , comprising the sequence of the 3' half of oligonucleotide F and not overlapping oligonucleotide E, was examined for its ability to form complexes with DNAbinding proteins present in Huh7 nuclear extracts (Fig. 3) . Included in this analysis was an Spl double-stranded oligonucleotide, since oligonucleotide B contained a sequence element which was similar to the Spl consensus recognition sequence (9 Fig. 4 and 5) . Protection of three regions (sites 1 to 3) of both the long (minus) strand (Fig. 4) and short (plus) strand (Fig. 5) In an attempt to define further the essential binding sites for the Spl transcription factor in the major surface antigen promoter, DNase I footprinting analysis was performed by using purified recombinant Spl protein and a variety of mutant major surface antigen promoters ( Fig. 1 and 5 region C and the first six nucleotides of region D (Fig. 1) . This result is consistent with the location of the site 2 Spl footprint identified on the wild-type major surface antigen promoter and probably accounts for the ability of oligonucleotide D to bind Spl or an Spl-related factor in the gel retardation analysis. The observation that linker scanning mutations LS-44/-33, LS-44/-21, and LS-8/+16 do not affect the site 3 Spl footprint whereas the LS-22/+16 mutation eliminates this footprint defines the essential recognition sequence of this site between -20 and -9 (coordinates 3139 to 3150) ( Fig. 1 and 5 ). The location of this essential Spl recognition element is consistent with the region protected on the wild-type major surface antigen promoter from DNase I digestion by Spl and is consistent with oligonucleotide F3' binding Spl or an Spl-related factor in nuclear extracts. Notably, this analysis failed to generate an Spl footprint in region E (Fig. 1) . Linker scanning mutation LS-22/+16 prevented Spl footprinting of site 3 and did not extend into region E. There are several possible explanations of why this analysis failed to produce an Spl footprint in region E. It is possible that the affinity of Spl binding to the region E recognition sequence is too low to observe protection in the footprinting assay. Alternatively, an essential recognition element of the region E Spl site may be located in region F3', similar to the observation for the site 2 footprint; i.e., the last nucleotide of region C is essential for observation of the site 2 footprint but appears not to be absolutely required for observation of a gel retardation complex. It appears unlikely that the explanation for the absence of an observed footprint in region E is because region E is recognized by an Spl-related polypeptide rather than the Spl transcription factor (see below).
Spl footprinting analysis of the linker scanning mutants ( Fig. 1 and 5 ) also demonstrated that Spl can bind to sites 1 and 3 in the absence of binding to site 2 (LS-105/-68) and that Spl can bind to sites 1 and 2 in the absence of binding to site 3 (LS-22/+16). This result suggests that the Spl transcription factor binds independently to the individual recognition elements in the major surface antigen promoter. This possibility was investigated further by examining the Spl footprinting pattern observed in the absence of site 1 (40) . Deletion of site 1 did not prevent the observation of Spl footprints at sites 2 and 3 ( Fig. 1) reported relative to that of construct SpLUC, which was assigned a value of 1.0. In the absence of exogenously expressed Spl, no transcription is observed from any of the major surface antigen promoter constructs examined. The internal control used to correct for transfection efficiencies was p5CCAT. dependent transcription. Deletion of sequences to -35 (coordinate 3124) did not appear to affect the level of Spl-inducible transcription from the major surface antigen promoter (Fig. 6 ). This result indicates that Spl sites 1 and 2 are not required for maximal promoter activity in this system. Deletion analysis of the major surface antigen promoter does not indicate which of the regions, E or F, is involved in mediating the Spl-induced increase in the level of transcription. In addition, regions B and D might be functional with respect to modulating transcription. This issue was addressed by examining the ability of oligonucleotides A to G to direct Spl-mediated induction of transcription from a minimal promoter construct, TATALUC, containing only a TATA-box sequence (Fig. 7) . This analysis clearly demonstrated the ability of the four major surface antigen promoter regions, B, D (and D5'), E, and F (and F3'), to mediate Spl transactivation of transcription ( Fig. 1 and 7) . None of these oligonucleotides directed levels of transcription from the minimal promoter construct as high as those generated by the Spl oligonucleotide(s). This result is consistent with the absence of an absolute match to the Spl consensus recognition sequence in these elements (Table 1 ). In addition, the inclusion of nucleotide -68 in oligonucleotide D5' generated a construct containing the Spl site 2 footprint region which was induced to a greater extent than was the oligonucleotide D-containing construct. This result further supports the importance of this nucleotide in the essential recognition element of Spl site 2. Oligonucleotides A, C, and G were unable to support Spl-inducible transcription from the minimal promoter, as would be predicted from results of the gel retardation and DNase I footprinting analysis. However, oligonucleotide G, when oriented in the same direction as it is found in the major surface antigen promoter relative to the direction of transcription, increased transcription from the minimal promoter approximately fivefold, suggesting that this sequence may be interacting with a Drosophila transcription factor(s), resulting in the observed increase in transcription. Therefore, these functional studies agree well with the protein binding analysis. 
DISCUSSION
Several lines of evidence indicate that the Spl transcription factor has an important role in determining the level of transcription from the HBV major surface antigen promoter. Initially, gel retardation analysis demonstrated that the same or a similar transcription factor(s) bound to the previously identified regulatory regions, B, D, E, and F (and F3'), of the major surface antigen promoter. The observation that the complexes formed with the Spl consensus recognition sequence could be inhibited by the B, D, E, and F (and F3') region oligonucleotides strongly suggested the factor involved was Spl or a factor(s) with a related recognition sequence. DNase I footprinting with purified recombinant Spl protein demonstrated that Spl can bind to regions B, D (or D5'), and F3' of the major surface antigen promoter. Utilizing transient transfection assays in Drosophila SL2 cells, we showed that region B, D, D5', E, F, and F3' sequences can mediate Spl-inducible transcription.
The observation that the Spl transcription factor can productively interact with four regions of the major surface antigen promoter was unexpected, as this promoter lacks sequences identical to the consensus Spl binding site (9) . Inspection of the four regions involved in binding Spl reveals the difficulty in identifying the precise nucleotide sequence recognized by Spl by using homology to the consensus Spl binding sequence ( Table 1 ). The region B Spl binding site is identical to the consensus sequence in 9 of 10 positions and probably represents the critical nucleotide sequences involved in binding Spl. The D5'/D region Spl binding site is also identical to the Spl consensus sequence in 9 of 10 positions (Table 1) . However, there are two reasons why this may not be the sequence element recognized by Spl. First, only the last five nucleotides of the J. VIROL.
consensus sequence are present in oligonucleotide D, which may not be sufficient for it to bind Spl in gel retardation and transient transfection assays. Second, the Spl site 2 footprint ( Fig. 1) is located slightly more 3' to the location of this sequence than might be expected if this represented the Spl recognition sequence. The absence of any other homologies to the Spl consensus sequence in this region suggests that this may be the recognition sequence or possibly that Spl can interact with sequence elements which are quite divergent from the previously identified consensus sequence. In regions E and F3', the sequence which is probably recognized by Spl is identical to the Spl consensus sequence at only 7 of the 10 positions, which might explain why these oligonucleotides mediated a lower Spl-induced transactivation of transcription from the minimal promoter constructs than did oligonucleotides B and D5' (Fig. 7) .
The observation that the HBV major surface antigen promoter possesses four Spl sites has implications for the expression of this gene in mammalian cells. The Spl transcription factor is present in a wide variety of mammalian cell types (9, 16) , which may partially account for the observation that this promoter is transcriptionally active in nonliver as well as liver-derived cell lines (1, 10, 13, 17, 23, 38, 43, 44, 47, 50) . Furthermore, detailed mutational analysis of the major surface antigen promoter demonstrated that transcription from this promoter was regulated by seven regulatory elements, A to G (44) . All of these elements positively regulated expression from the promoter except for the region F element, which appeared to inhibit the positive effect that region E had on transcription from the promoter. Although it is difficult to determine the precise role that Spl might have in the regulation of this promoter in the presence of the additional transcription factors which interact with the major surface antigen promoter, it is apparent that Spl can serve as a positive regulator of expression from this promoter in SL2 cells. Therefore, it is probable that it has the same function in mammalian cells. As regions A, B, and C displayed functional redundancy in human hepatoma cells with regard to surface antigen gene expression (44) , it is likely that Spl is one of the factors involved in mediating this effect through its interaction with region B. The 5' region of oligonucleotide D involved in binding Spl modulates the level of expression from the major surface antigen promoter approximately threefold (44) . This moderate effect might also reflect a level of functional redundancy mediated through the multiple Spl sites in this promoter. The most interesting observation is the finding that the oligonucleotide F region which negatively regulates the level of transcription from the major surface antigen promoter in human hepatoma cells under certain circumstances binds the Spl transcription factor, which can increase the transcriptional activity from this promoter. However, Spl binds to sequences in the 3' half of oligonucleotide F (Fig. 1) , whereas the negative regulatory region of oligonucleotide F is located at the 5' end, which overlaps with oligonucleotide E (44) . The binding of a negative regulatory factor to this location might prevent the binding of Spl to the 3' end of region F or E, which could result in reduced transcription from the major surface antigen promoter. Mutations in the negative regulatory element present at the 5' end of region F might permit Spl binding and the subsequently observed increase in transcription (44) . This explanation for the role of Spl in regulation of the level of transcription from the major surface antigen promoter is consistent with our previous observations of the regulation of this promoter in human hepatoma cells (44) .
